Aim: Spermatogonial stem cells can initiate the process of cellular differentiation to generate mature spermatozoa, but whether it possess the characteristic of pluripotency and plasticity, similar to embryonic stem cells, has not been elucidated. This study was designed to evaluate the differentiation potential of spermatogonial stem cells into renal cells in vivo. Methods: Neonatal mouse spermatogonial stem cells were transplanted into mature male mice lacking endogenous spermatogenesis. The restoration of fertility in recipient males was observed. Spermatogonial stem cells were then injected into renal parenchyma of mature female mice to make a new extracellular environment for differentiation. Fluorescence in situ hybridization technology (FISH) was used to detect the expression of chromosome Y in recipient renal tissues. To determine the type of cells differentiated from spermatogonial stem cells, the expression of ricinus communis agglutinin, vimentin, CD45, and F4/80 proteins were examined in the renal tissues by immunohistochemistry. Results: The proliferation of seminiferous epithelial cells was distinctly observed in seminiferous tubules of transplanted testes, whereas no regeneration of spermatogenesis was observed in non-transplanted control testes. In transplanted female renal tissues, FISH showed a much stronger immuno-fluorescence signal of chromosome Y in the nucleolus of epithelial cells of the renal tubule and podocytes of the glomerulus.
Introduction
Stem cells exist in many tissues and are responsible for generating differentiated cells during an animal's lifetime [1, 2] . Understanding the cellular and molecular mechanisms of regulation for stem cell differentiation and for the development and functioning of gonads is of utmost importance to the future use of stem cells in transplantation or cell-based therapies and regenerative medicine, as well as understanding aging and tumor formation [3] [4] [5] [6] . Recent advances in the establishment of male germ line stem cells have provided researchers with the ability to identify, isolate, maintain, expand, and differentiate the spermatogonia, the primitive male germ cells, as cell lines under in vitro conditions. Although the potential of embryonic stem cells, which have the capacity to self-renew and undergo multilineage differentiation into a wide range of tissues, has been attested in numerous kinds of adult tissues [7] [8] [9] [10] , little is about the key regulatory mechanisms that control their differentiation. Moreover, whether germ line stem cells from neonatal mouse testes possess the characteristic of pluripotent of multilineage differentiation, similar to embryonic stem cells, has not been elucidated. Researchers now believe that for most pluripotent stem cell types, the extracellular environment or niche provides signals necessary for differentiation and self-renewal [11] .
However, until now there has been no evidence for the pluripotency and plasticity of adult spermatogonial stem cells, which are responsible for maintaining spermatogenesis throughout the male life. Given that evidence has shown that the transplantation of spermatogonial stem cells into specific tissue results in parenchyma formation [12] , spermatogonial stem cells may have high proliferation activity, and their differentiation pathway may probably be altered. In the present study, we transplanted spermatogonial stem cells, isolated from neonatal mouse testes, into mouse renal parenchyma and evaluated the differentiation potential of spermatogonial stem cells in vivo.
Materials and methods
Purification and verification of mouse spermatogonial stem cells [13] In total, 5-7 d-old Balb/c neonatal male mice, obtained from Charles River Laboratories (Baltimore, MD, USA), were used for the isolation of spermatogonial stem cells. The testicles of the mice were obtained by scrotal insection under methoxyflurane anesthesia. Tunica albuginea were carefully denuded and digested with 1 g/ L collagenase (1 mL; Sigma, St Louis, MO, USA) for 20 min, and then the supernatant were collected by centrifuging for 5 min. The supernatant were digested and centrifuged again by the same procedure as described earlier.
The supernatant were cocultured with a digestive enzyme mix (containing 0.25% trypsin, 1 mL, and 1.5 g/L hyaluronidase, 1 mL) at 37 °C until the anatomical structure of the seminiferous tubule disappeared. The tissue pellet was then collected by centrifugation 3 min at 1000 r/min and suspended in 1.5 mL Dulbecco's modified Eagle's medium (DMEM) complete medium supplemented with 7.5% NBS, 7.5% fetal bovine serum (FBS), 1% glutamine, 1% non-essential amino acid, 1% penicillin, 1% streptomycin, and 1% pyruvic acid sodium. The tissue suspension (1.5 mL) was carefully layered on Percoll gradients centrifugate of different densities for 25 min at 1400 r/min. The cell suspension in the third and fourth layers of Percoll centrifugation were then aspirated using a clean Pasteur pipette, transferred to a clean centrifuge tube, washed once with 1.5 mL phosphate-buffered saline (PBS), and centrifuged at 1000 r/min for 10 min. The resultant cell pellet was suspended in DMEM complete medium and cultivated in a 60 mm culture flask at 5% CO2 at 37 °C for at least 3 h. After most of the testicular interstitial, peritubular myoid, and Sertoli cells were attached, the remnant cell suspension containing spermatogonial stem cells was collected and cultured. The isolated spermatogonial stem cells were washed with PBS twice. The supernatant was discarded and the cells were added into 100 µL PBS. The cells were then stained according to the manufacturer's recommendations with the monoclonal antibodies against fluorescein isothiocyanate (FITC)-conjugated a6-intergrin and c-kit (Biolegend). The incubations were performed at room temperature for 30 min. Control groups were incubated with FITCconjugated mouse immunoglobulin G1 isotype antibodies. After incubation, the cells were washed with PBS containing 0.1% BSA. Approximately 1×10 6 cells were used for flow cytometry. Quantitative analyses were performed using a Beckman Coulter flow cytometer (Beckman Coulter).
Activity of mouse spermatogonial stem cells in vivo
The spermatogonial stem cells were transplanted into the right testes of germ cell-depleted recipient mice by microinjection. The left testis served as an internal control. Recipients used were male Balb/c mice 5-7 weeks of age. The recipient mice were whole body irradiated with gamma rays from Co 60 (10 Gy per mouse), which destroyed endogenous spermatogenesis and decreased immune activity. Two weeks after irradiation, the recipients were ready for transplantation. Approximately 20 µL spermatogonial stem cell suspension was transplanted at a concentration of 1×10 6 cells/mL via the rete testis into seminiferous tubules of the right testis of 30 animals. After 12 weeks, recipient mice were killed, and the testes were fixed in 4% paraformaldehyde (PFA) embedded in paraffin. The tissue sections were subjected to hematoxylin-eosin staining [14] . All of the experimental procedures complied with the National Regulations for the Care and Use of Laboratory Animals.
Establishment of the transplantation model
The recipients were 30 female Balb/c mice 5-7 weeks of age, and were also whole body irradiated with gamma rays from Co 60 (10 Gy per mouse). Twenty-four hours after irradiation, a dorsal incision was made in these recipient mice. When the kidney was exposed, spermatogonial stem cells at a density of 1×10 6 cells/mL were injected in parenchyma under the renal capsule by a TB syringe with a 29-gauge needle at 100 µL per mouse. The recipients were then kept under pathogen-free conditions in laminar flow boxes in accordance with established institutional guidelines and approved protocols. Twenty animals were transplanted with spermatogonial stem cells, and 10 animals were injected with DMEM culture medium and served as external controls. After 90 d transplantation, recipient mice were killed and the kidney tissue was taken out, fixed in 4% PFA, and embedded in paraffin. Tissues sections of each murine kidney were prepared for immunohistochemistry and fluorescence in situ hybridization (FISH) [15] .
Immunohistochemistry for the expression of ricinus communis agglutinin, vimentin, CD45, and F4/80 protein Serial four micron thick paraffin sections were dried and dewaxed. Sections were blocked with 10% normal goat serum at room temperature. All sections were developed with a 3,3'-diaminobenzidine-tetrachloride substrate (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and counterstained with hematoxylin. All sections were mounted, cover slipped, and examined with an Olympus microscope equipped with a digital camera. The primary antibodies used were as follows: goat antiricinus communis agglutinin (RCA) antibody (1:200 dilution) for the proximal convoluted tubule, mouse antivimentin antibody (1:500 dilution) for podocytes of the glomerulus, mouse anti-CD45 antibody (1:100 dilution) for leukocytes, and mouse anti-F4/80 protein (1:150 dilution) for macrophages. All primary antibodies were purchased from Santa Cruz Biotechnology, and diluted in PBS containing 0.3% Triton-X 100 and 10% FBS for use. All tissue sections were incubated with the primary antibodies overnight at 4 °C and incubated with the horseradish peroxidase-conjugated secondary antibodies. All the secondary antibodies were used at 1:200 dilutions with 2% FBS.
FISH for chromosome Y After being deparaffinized, the tissue slides were treated with Triton-X 100 for 90 s and digested with proteinase K for 30 min. The slides were then rinsed in PBS followed by rehydration. After drying, the sections were put in 30 µL denaturing solution (containing 70% formamide and 2× SSC, pH 7.2) at 72 °C for 5 min to allow nuclear denaturation. The specific painting probe for chromosome Y was labeled with fluorescence dye Cy3 (Cambio, UK). For each hybridization, approximately 100 ng probe, labeled with fluorescence dye Cy3, was used in a 10 µL hybridization mixture (containing 55% formamide, 2×SSC, and 10 µg human placenta DNA), which was denatured at 75 °C for 5 min. After the probes were prepared, the denatured slides were hybridized with probes in a moist chamber overnight at 42 °C. After incubation, the slides were washed twice in 2×SSC, 3 times in 2×SSC containing 5% formamide, and once in 0.1×SSC, respectively, at 42 °C. Finally, 10 µL 4,6-diamidino-2-phenylindole was added to counterstain the nuclei. The FISH signal of the Cy3-labeled probe was detected by an Olympus BX60 fluorescence microscope. 
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Results
Purification and identification of mouse spermatogonial stem cells
The isolated mouse spermatogonial stem cell phenotype was ascertained by staining with rat-specific monoclonal antibodies by flow cytometry. As shown in Figure 1 , the c-kit expression was relative high and a6-intergrin was low. The results demonstrated that the cells we isolated were a crowd of undifferentiated stem cells, and the major component were type A spermatogonial stem cells (Figure 1) .
A histological analysis of the testes after 3 months of transplantation showed the appearance of germ cells with nuclear condensation in the inner cell layer of the tubules and sperm in the lumen. Spermatogonial stem cells migrated to the basement membrane and colonized the tubules. To assess the level of spermatogenesis in the recipient testes, the number of tubule cross-sections with evidence of spermatogenesis (defined as the presence of multiple layers of germ cells in the entire circumference of the seminiferous tubule) was recorded for 2 sections from each testis. The proliferation of seminiferous epithelial cells was distinctly observed in seminiferous tubules of the transplanted testes, whereas only a few seminiferous epithelial cells were observed in periphery of seminiferous tubules in nontransplanted control testes (Figure 2) .
Characterization of the pluripotency of mouse spermatogonial stem cells in vivo Numerous Cy3-positive cells, which were a bright red fluorescent color, were detected in the translated kidney tissues at the site of injection through the FISH method. On the contrary, almost no red fluorescence signal was observed in the control kidneys. 
Discussion
Spermatogonial stem cells, which normally divide asymmetrically, giving rise to 1 stem cell and one spermatogonium, can initiate differentiation to produce spermatozoa [16, 17] . Spermatogonial stem cells maintain populations of highly differentiated, but short-lived cells or sperm through a critical balance between alternate fates: daughter cells either maintain stem cell identity or initiate differentiation [17] . The continuation of the spermatogenic process throughout life relies on a proper regulation of self-renewal and differentiation of the spermatogonial stem cells situated on the basal membrane of the seminiferous epithelium and accounting for only 0.03% of all germ cells.
The potential of embryonic stem cells to generate all lineages of embryos in vivo has been widely reported in the literature. However, several kinds of somatic stem cells have been thought to produce only the cell lineages characteristic of the tissues in which they reside for long time. Recent studies have suggested that some stem cells may have the potential for differentiation outside of their original tissues. Donor-derived cells have been found after transplantation in multiple non-hematopoietic tissues, including astrocytes in the brain [18] , skeletal muscle [19] , and bone [20] . Researchers [18, 19, 21, 22] have demonstrated that all lineages of glia can be differentiated from stem cells in bone marrow. Conversely, stem cells derived from nonhematopoietic tissues, such as neural stem cells and muscle side population cells, have been found to differentiate into hematopoietic cells [20, 22, 23] . Some basic research has also confirmed that mesenchymal stem cells may differentiate into mesenchymal tissues, such as bone, cartilage, muscle, and adipose tissue [20] . One recent study showed that highly purified hematopoietic stem cells even have the potential to differentiate into muscle [19] . Moreover, Poulsom et al [24] found that bone marrow cells could differentiate into both epithelial cells of the renal tubule and podocytes of glomerulus in the adult mouse kidney. Taken together, the pluripotency has been confirmed in most stem cells types. However, whether this process of multilineage differentiation does exist in spermatogonial stem cells has not been clarified. In this study, we transplanted the spermatogonial stem cells, isolated from neonatal mouse testis, into the renal parenchyma of female mice for observation of its differentiation. The results showed that some mature renal cells of female mice could express chromosome Y, the cell specific marker for spermatogonial stem cell origin. Furthermore, we demonstrated that cells with chromosome Y-positive expression in female mice were epithelial cells of the renal tubule and podocytes of the glomerulus, ruling out the possibility of macrophages or leukocytes.
To our knowledge, this is the first report that spermatogonial stem cells can not only restore damaged spermatogenesis, but can potentially differentiate into mature renal parenchyma cells in whole body irradiated adult mice. However, the exact mechanism of the pluripotency of spermatogonial stem cells is not clear. Previous studies have reported that spermatogonial stem cells can be pluripotentiality acquired and can be able to differentiate into derivatives of the embryonic germ layers [12] or cardiomyocytes [25] . Based on the current study and other published literature, we believed that spermatogonial stem cells may possess a high degree of plasticity, like other somatic stem cells. This multilineage differentiation may be attributed to local environmental change. When spermatogonial stem cells were transplanted into the injured renal parenchymal, some special factors (such as several transcriptional factors) [26] that exist in kidney may be involved the process of multipotent differentiation. Further studies are needed to deter- 
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